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SUMMARY

of the stabi[dy of propane+ir james
are presented. Fuel-air ratio, tube
number were th pn”mary zwn”ables.

Region8 of stability are outlined in plots of fuel-air ratio a8 a
function of Reyno[d8 numberfor $ames seated on the burner
lip andfor$ame8 swpended well abcmethe burner.

For fully derelopedJIow, turbulent as well as laminar, the
relom”tygradient at the burner wall is a sati8facto~ cam”ab[efor
correlating the fuel-air ratio required for blow~ of 8eated
$ames for fuel-air rti”os of less than 16 percent. For tur-
bulentjlames, wall zel~”ty eerres aa a correlating mm-ablein
the samefuel-air-ratio range.

INTRODUCTION

~~e stabiIity of burner flames has been studied by Lewis
and von Elbe (reference 1), and von Elbe and Mentser
(reference 2). In reference 1, the fuel-air ratio at which a
laminar Bunsen flame blew off the burner lip was deter-
mined by the velocity gradient at the burner tube wail,
independent of tube diameter.

As part of a program of fundamental combustion re-
search at the A’ACA Clevekmd laboratory, an investigation
of the factors affecting flame speed and stability was under-
taken during 1945-46. A preliminary study of the effect
of turbulence on combustion is reported. The investigation
ccmsisted of the study of the stability of Bunsen-type
flames, seated on the burner lip and suspended above the
burner, burning in turbulent flow. The mriables chosen
for the study -were the fuel-air ratio (by volume) and the
mixture flow at -which the flame would blow out or leave the
burner lip. These variables were appIied to burner tubes of
various diameters. These experiments provide an extension
of part of the measurements of references 1 and 2 into the
region of turbulent flow. An expression for waH velocity
gradient obtained born reference 3 was used for this extension.

APPARATUS AND PROCEDURE

The arrangemat of the apparatus is showm in figure 1.
The fuel used was commercial gaseous propane. An analysis
of a sample showed at least 98-percent-saturated hyd~o-
carbon content. The oxidant was air with a relative hu-
midity of approximately 15 percent. The capilIary flolv-
meters F, for measuring the propane and air flows, were

calibrated with a wet displacement. meter. For large air
flows, a 0.199-inch thin-plate orifice was used. The orifice
flow coefficient w-as corrected to make the readings consistent.
with those of the air capilku-ies.

The Bunsen burners were a series of Sk smooth seamless
steel tubes, which were long enough to form fully develoyed
pipe flow at. the outlet. The dimensions were as follows:
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A collar vw so attached to the burner lip that the flame
issued, in effect, from a hole in a plate of about 3-in&
diameter. The tubes were coded at the outlet by use of a
-water jacket that was maintained at. the inlet-air tempera-
ture. A short sheet-steel column 12 inches square was put
around the flame to shield it from drafts. A glass window
in one side of this column permitted direct observation of
the flame.
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For each burner size, the fuel and air flows were set at
vahws for which the desired typo of stable flame could be
obtained. The air flow was then slowly changed until the
flame was no longer able to burn in the position under
investigation, At this point the manometer readings in-
dicating the fuel and air flows were recorded. All data
were taken at sea-Ievel pr~sure and room temperatures
varying from 25° to 33” C.

QUALITATIVE CONS1DERATIONS OF FLAME STABILITY

Definitions,-Two types of flame were obt~ined with the
Bunsen burner. One was the usual Bunsen flame seated
on the burner lip; the other was a flame suspended a number
of tube diameters above the burner. Photographs illustrat-
ing the two types of flame are shown in figure Z.

Definite flow conditions and fuel-air ratios exist for which a
Bunsen flame can burn seated on a burner lip, If the flow

(a)Seated flame; turbulent
fluwq WyrIolde number,
8773:fuelti r8tIo,0.1S2.

(b) Suspendedtlnme;tm
bulent flow; Reynolds
number, S771Jfual-dr m
UO,0.163.

(0) Seated Sem% lamfrmr

flow;Reynoldsnumber,
160U fuel-afr ratio, 0.125.

(d) Wepmded dame; kuu-
Irmr flow; Reynolds nnro-
ber, 1930; fuel-dr ratio,
0.195.

(e) Seated flame;lamlnar
flow;Reynoldsnumber,

1S00;fud-afr riitfo, stoleh-
iometric.

(9 Seatedflame:turbulent
flow; ReynoldsDumber,
877o;fuel-tdrratio,atolch-
IOmetrfc.

FIGUEE 2 –Reprwentrdfve ~Pane-rdr flamea obtained with Bunsen burner of %Inob
diameter.

.

or fueI-air ratio is suflkiently changed, the flame cilhw
blows off the burner lip or flashes back into tlm ~urncr tu~o.
In blowing off, the flame may cithu completely blow out or
rise to the position of tho suspended flame and continue to
burn. %ni.kdy, a s~cicnt changct in flow conditions
causes a suspended flame either to blow out completely or
jump back to the burner lip. The terms “Mow-M, hsh-
back, blow-out, and jump-back” will be used heroin as just
defined.

Stability consideration,—A jet of fuel-air mixture may bc
considered to bc separated from the region of staliomwy pure
air by a mixing region. Within the mhi~ region, the gas
velocity continuously varies between that in the inlrrior
of the jet and the zero velocity of the uir outside.

In a si.rdar manner, the composition of the gas ill lhc
mixing region varies IxXwccn the composition of the jet
and that of the o.utaide air. A flame speed will correspond
to the fuel-air ratio at each point in the mixing region.

The base of a seated propane-air flame, from which ihc
ffarne spreads to the rest of the flume front, has been observed
to be about I n~illimetxm above the burner lip and n small
distance outside the burner radius; hence, the base may be
considered to be within a mixing region. If the locrd flame
speed at any point in the n-king region is grcatm than the
local velocity, the flame tends to flash back to the l)urnm lip
and the tube. As the flame base approaches tho lip, h
effective flame speed at the base decreases bccausc of the
cooling and reaction quenching efl.ects of the burner vvds
and the flame may be prevented from fiashing back (refer-
ence 1).

A flame burning in a stalk manner on a burner lip is fmt
considered. If flow velocity in the jet is thm incrmscd
without change in fuel-air mtio, all th 10CUIgas speeds in
the mixing region will likewise be incrcascd until, WIWUin
every region the Iocal flow velocity is grcahx tlum the local
flame speed, the flame will blow off. If t.hc fuel-air ratio in
the jet is then increased without ehangc of jet sprcd, the
fueI-air ratio will increase throughout the mixing region.
The strata nearest the stagnant nir, in pmticulmj will be
enriched until tho local flame speed is as great as [hc rcln-
tiveIy low local gas speeds. At that point, the fltimo can
again be stable on the burner. This rough analysis prcdic[s
that the blow-off speed will increase when tho fuel-air raLio
in the jet increases.

The bIow-off of suspended flames is go-vcrnccl in a simihw
manner.. The base of the suspended f]amo is in a portion of
the mixing region where the local flame speed is as grcaL as
the local jet velocity. An increase in fuel-air ratio in lhe
jet causes an increase in fu~-air ratio throughout the mixing
region and a corresponding inc.reasc in j et velocity is neccsaary
to blow out the flame. Here again, the blow-off speed will
increase with increasing jet fuel-air rat io.

Flames may burn suspended on laminm or hrhdcn~ jets.
I The mixing ~haracteris~ics of them jets govern the position

above a burner at which a flame remains stable. TI.M tmr-
bulent jet mixes rapidIy with the outside air and produces
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a position for stable burning varying from about 1 to 10
tube diameters above the burner. The position depends
upon fueI-air ratio and flow conditions. In general, this
position moves upward m flow conditions are changed from
jump-back toward blow-out. Jfixing in the Iaminar jet is
slow, however, and only becomes rapid a certain distance
above the burner where the jet breaks down into turbtience.
A flame can remain stabIe on the laminar jet only above this
point. Ignition trials indicated that, at a position sIong
the outside of the Iaminar pm-t of the jet, the velocity and
the fuel-air ratio are conducive to burning. The surround-
ing velocity and fuel-air-ratio fields are so constructed,
however, that the flame is unstabIe at this position and will
either jump back to the burner Iip or move up to the turbu-
lent part of the jet. The position of stable burning on a
laminar jet can therefore vary only between the point where
the jet becomes turbuIent and several diameters above this
point. In the cases investigated, the suspended flame on
the lamimr jet was always higher than the fkme on the
turbulent jet. F@res 2 (b) and 2 (d) illustrate this obser-
vation.

EXPERIMENTAL RESULTS

A comprehensive view of the regions of stability of the
Bunsen-burner flame as observed in these eqwriments is
provided in figure 3 for tubes of %- and Z-inch diameters.
The data are plotted in terms of fuel-air ratio in the total
mkture by -rohune against Reynolds number

R–~”
P

where

d burner diameter
R Reynokls number
U average velocity

P viscosity

P mixture density

Any consistent set of units maybe used. For the computa-
tion of Reynolds number R and other variabIesj viscosity p
was assumed to vary IinearIy with fuel-air ratio. With the
%-inch tube of f@re 3 (a), in the region marked A, the flame
does not burn steadily at the burner mouth but flasks back
into the burner. This region lies near the stoic.biometric
fueI-air ratio (4.02 percent) and reaches a maximum value
of Reynolds number at mixtures a little richer than stoichio-
metric. Curve B is the blowoff curve, that is, the boundary
between the region where burning is stable at the burner
mouth and the region where the flame blows off; the bIow+ff
region is to the right of curve B. Curves similar to these are
presented in references 1 and 2 for laminar flows.

Within the region between the curves C and C’, a flame
can burn stably in the suspended position. No suspended
flame could be obtained on the larninar jet for this tube.
The curves C and C’ were detemnined by obtaining a stable
suspended flame and then changing the ah flow untiI the
flame either bIew out or jumped back to the lip of the burner.

o q I [ I Iw I L.. i
~

L .02 ~6
L .8 I 234 68[0 “m 3UXI03.-

Reyrm!ds ?wm&?.r_

(a)~Wmb>urner.
(b) Wr.wh burner.

Fmum! 8.—Eeglons of stable burning for proprmedr fle.nms.

Thus, bdow C the flame will blow out and above C’ it will
jump back. It is interesting to observe that above a
Reynolds number of 7600 the flame will be stable above the
burner when the fuel percent age is too lean ta burn at the
lip. Between Reynokls numbers of 3000 and 7600, the
reverse is true and the flame is stable at the lip when the
mixture is too Iean to burn above the tube. In the region
above curve B also Iying between C and C~, the flame is
stable either at the lip or above the tube, depending upon
the point at which it is ignited.

Corresponding curves for tlw tube of %-inch diameter are
shown in figure 3 (b). The flash-back curve such as en-
closes region A of @e 3 (a) could not be obtained with this
burner because the fuel flow required was below the limitt
of the flowmeter. For this tube, suspended flgm= wg~_ ___
obtained for Iaminar and transition, as well as turbulent,
flows. In the data obtained, two regions appear to coincide
afi a Reynolds number of about 2800; that is, by increasing
the Reyno)ds number at a fuel concentration of 18 percent,
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FIGUM 4,—Varletfrm of fuel-ek ratio with Reynolds nurnk of flow tn tube for blowdf of
eeated proparm-eir flsmw.

t~~ flame would paw from one region intc the other. The
flame cannot make this transition, however, because iti
position of stable burning for this tube is much higher in
the region C,-C/ than in C-C’,

No quantitative analysis of the suspended flame has been
made. I.t may be significant, however, that when the blow-
out points of the turbulent suspended flame are plotted on
Logarithmic paper they form a straight line. The slopes of
the three blow-out lines obtained are all approximately ~,
the slopw being 0.491, 0.475, and 0,541 for the %0-, J&, and
~f-inch tubes, respectively. Two of these blow-out lines
are given in figure 3.

A plot of fuel-air ratio for bIow-off of the seated flame
against Reynolds number for six burner tubes of clifferent
sizes is presented in figuro 4. hTo data were obtained for
laminar flows for the Me-inch burner. The Iower limit to
the data obtained was imposed by the lower limit of the
fuel flowmeter and the upper limit by the upper limit of
either the air or fuel flovrmeter. The data were. very re-
producible for low fuel-air ration but were somewhat scattered
for more than about 20-percent fueI, Qualitative tests
showed that for high fuel concentratio~ bIowdf depended
rather critically on the form of the burner lip.

In the transition region previo@y mentioned (Reynolds
numbers from approximately 2000 to 28oo) between lamina.r
and turbulent flow (reference 4), the appearance of the
flame indicated that the flow conditions were characteristic
of neither region. At the Iower Iimit of the transition zone,
the flame was largeIy Iarninar in character, but occasionally
became momentarily turbulent. The difference between

laminar .wd turbulent flames is W@ratet! in figure 2. As
the Rejnolds number was increased, the frequency of the
turbulent flickers increased until at the upper limit of the
transition zone the flame was turbulent. most of the time
and onIy an occasional Iaminar flicker indicated thtit the
flow was not fulIy turbulent. At the Iowcr Iimit of &
Lransitio”n zone, the curves have a sudden c~angc in skqw
because. a large increase in fuel-air ratio is necessary to
enable the flame to remain seated during a turbu]cnt flic~cr.
The change in slope. is less abrupt. at the upp[v limit of h
transition zone.

Data in reference 1 indicate thaL the fuel prrccntngc mrre-
sponding to blow-off of a laminar flame is related to th~
veIocity gradient at the tube wall, independent of tube
diameter.- An objective of this investigation was LO find
whether a similar type of correlation exists for turbuhmL
flows.

For the case of Iaminar flow, as outlined in rcfwxmcc 1,
the velocity gmdient at the tube wall is

where

u local-velocity
‘~ normal distance from tube wall

Acwrding to the usual picture of Lurbulcnt flow in pipes,
the central body of turbulent flow is surrouncIcd by a dliu
]aminar film at the wfdl. This wall velocity gradivnL is
given by

du
()@ .=7+

(q

where

UW velocity at inner boundary of Iaminur film
8 thicjmess of Iaminar film

From Lhe mathem-atical devehpmenL in reference 3 (pp. 46
and 85), it can be readily deduced that

(3)

where

~ constant” (vaIue of 10 from reference 3, p. 85)
h pipe friciion coefficient
v kinematic viscosity of gas in tube

(On the basis of equation (3), ‘$)= and UWappear to bc

equally suitable ah.ernative variables for usc in plotting thr
variation of fuel-air ratio for blow-off of lurbulent flflfncs

because V.is dependent only on fuel-air ratio, Bccausc {hr
main body of turbulence is surrounded by a laminar layer,
the mixing characteristics of laminm and lurbuhmt fhmcs
are the game in the mixing region just above LIM burner
lip. If this similarity is the case, because velocky gmclicnt
at the WW serves M a correlating variable for I.Jov+d of
Iaminar flames, it should ako correlate the blow-off of turlm-
lent flames.

Ilata 6f the bIowdf of both laminar and turbulent flumes,
previously presented in figure 4, have been plotted in figure 5
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(as fuel-air ratio against velocity gradient. at the wall $)U.

du()‘or~a-ar‘low’aj . was computed from equation (1) and

for turbulent flow, from. equation (3)..- ?!Jo transition .ffogv
data are plotted in figure 5 because the velocity gradient is
undefinable for such flow. The turbulent data correlate
well up to a fuel-air ratio of about 15 percent. Above this
fuel-air ratio, the curves for the. smaller tubes deyiate toward
higher velocity gradients. ?Worecmer, the laminar di~a
overlap the turbulent data well, the extent of overlap being
from A to B in figure 5. Because the kuninar data obtained
do not extend above a fueI-air ratio of 6~ercent., the capacity
of the wall velocity gradient to correlate~ blow+”fl for tin-”
centrations above 6 percent and for lammar flow has not
been determined.

The variation of fuel-air ratio for blow-d with wall veloc-
ity Uti is shown in figure 6. Tho velocity Umwas computed
from the average gas speed U by use of equation (3) rewritten
as

and with the Blasius equation for A (reference 3, p. 31)

()1 0“26
A= O.316 ~

The variable wall velocity has no meaning for Iaminar flow;
hence it can be used only for blow-off. of turbulent flames.
It is of interest to observe that the blow-off curyes have
negative slopes at high fuel-air ratios. - Plots of fuel-air ratio
against average velocity ~ would also have negative slopes
in this region. This difT&”ence from figure 5 is. caused by
the variation of kinematic viscosity with propane concen-
tration.

CO~E FOR AERONAUTICS

As a result of the reasoning and the data, the velocity
gradient at the tube wall is considered to be ~ more uacf~l
and perhaps a more significant variable thim wall velocity
for correlating the fuel-air ratio for the ldow-cdi’ of Bunscn-
burner flames.

CONCLUS1ONS

At sea-level pressure and room temperature= and for tUIWS
of %- to %nch diameter, the following conclusions may IN
made concerning the blow-off of propan~air lhnacn-burnrr
flames:

1. The ~vall velocity. gradient is successful in correlating
the fueI-air ratio for blow-off for fully deveIoped pipe flows,
laminar and turbulent, to fuel-air ratios of 15 pmccnt.

2. For: turbulent flows, walI velocity wilI also corrchtte
fuel-air ratio to blow-off for fuel-air ratios up to 15 pcrccnt.

:. .

FLIGHT PROPULSION RESEARCH LA. ROTATORY,

NATIONAL ADVISORY COMMI~EE FOR AERONAUTICS,
CLEVELAND, OHIO, A!arclt W, 1947.

REFERENCES

1. Lewk, Bernarcl, and von Elbe, Guenther: Stabiiity. and Structm
of Burner Flames. Jour. Chem. Phys., vol. 11, no. 2, Feb. 1043,
pp. %-97.

2. von Elbe, Guenther, and Mentser, Morris: Further Studies of tlm
Structure aml Stability of Burner Flarnss. Jour. Chem. PhYs.,
vol. “13, no. 2, Feb. 1945, pp. 89-100.

3. Bakh@M, Boris A.: The Mechanics of Turbukmt Flow. Prince
ton Univ. Press (Princeton), 1941.

4. Prandtl, L., and Tletjens, O. G.: Flow in Pipes and ChanneIe.
Ch. ‘Ill of Applied Hydro- and Aeromcchanice. McGrw-IIili
Book Co,, Inc., 1934, pp. 14-57.


